Over the years, microfluidic reactor (MR) processes have gained much attention in the preparation of specific materials due to its in situ spatial and temporal control of reaction kinetics, in addition to efficient mass and heat transfer \[[@B1]-[@B5]\]. Recently, application of microfluidic reactors has been expanded from the improvement of chemical reaction efficiency to the controlled synthesis of micro and nanoscale materials \[[@B4],[@B6]-[@B13]\]. Although significant progress has been achieved in size and shape control of NPs using microfluidic reactors, it is still challenging to obtain monodispersed NPs with controlled crystal structures \[[@B8]\]. One reason is possibly the difficulty in preventing aggregation and coarsening \[caused by Ostwald Ripening (OR) and Oriented Attachment (OA) process and the concurrent phase transformation\] of the NPs \[[@B8],[@B14]\]. These problems, aggregation and coarsening, often occurs in the bottled batch process and in MR processes if the growth of NPs is not carefully controlled. It is therefore important that process optimization be performed to suppress these processes, even in the MR process \[[@B8],[@B14]-[@B16]\]. According to the stability principle of NPs, elimination of defects in the crystal structure, passivation of the nanoparticle growth, and the deactivation of nanoparticle surfaces can be considered to suppress the OR and OA processes, and the in-time termination of nanoparticle aggregation \[[@B14]\].

A key goal in NP synthesis is control of the unique crystal structures and physical and chemical properties at different growth stages \[[@B10],[@B15]\]. However, it is difficult to achieve this by routine methods. In this article, an in situ rapid cooling and passivating microfluidic (IRCPM) process is presented in which the OR and OA process are suppressed, and the particle surfaces are deactivated. As shown in Fig. [1](#F1){ref-type="fig"}, the process includes three main areas: the mixing and reaction area, the nucleation and growth area, and the rapid cold quenching area. The mixing and reaction area includes one Y mixer (Y mixer 1). The delivery channels are designed as wedge shaped with inlet channels shrinking from 200 μm at the inputs to 30 μm at the ends, in order to realize a rapid mixing with low pressure loss. The nucleation and growth area has channel width of 60 μm and length of 30 cm. In the rapid cold quenching area, the cold quenching solution is delivered at the quenching solution inlet, to be mixed with the nanoparticle colloids at the Y mixer 2, following which the mix flows through the quenching channel. The quenching channel has a width of 120 μm and a length of 15 cm. The depth of all channels is \~600 μm, as determined from SEM image of the cross section of the micro channels (Fig. [2](#F2){ref-type="fig"}).

![The sequence temperature controlled microfluidic reactor process for Co~5~Sm nanoparticle synthesis. The microfluidic reactor, fabricated by UV-LIGA process and sealed by semi-solid sealing process, is shown as the optical image in the center of the figure. The reactor consists of three regions: the mixing and reaction area from the inlets of 1 and 2 to Y mixers connected with channels shrinking from 200 to 30 μm, the nucleation and growth area with channel width of 60 μm and length of \~30 cm, and the rapid cold quenching area with the cold quenching solution delivered at the quenching solution inlet. The quenching solution mixes with the nanoparticle solution at Y mixer 2. The resulting mixture flows through the quenching channel (width of 120 μm and length of \~15 cm)](1556-276X-4-1130-1){#F1}

![The SEM image of the cross section of the channels. Based on the image, the channel width and depth were determined to be 60μm and 600 μm, respectively, suggesting a high depth/width ratio of \~10](1556-276X-4-1130-2){#F2}

A typical reaction process is as follows: 25 mL of a mixture of CoCl~2~and SmCl~3~(28.5 mM CoCl~2~, 5.7 mM SmCl~3~in tetrahydrofuran, THF) is delivered into a heater (H1) by a pump (P1), the mixture entering into the inlet 1 after it is heated to 50 °C. A volume of 25 mL of the reducing agent, which is a mixture of 90 mM LiBEt~3~H and 0.24 mM PVP in TH; PVP: Mw = 29,000, is delivered into a heater (H2) by a pump (P2), and heated to 52 °C before it is pumped into inlet 2. At the Y mixer 1, the salt mixture from inlet 1 mixes with the reducing agent, and the metal salts are rapidly reduced to metal atoms. The resulting metal atoms will nucleate and grow in the nucleation and growth area to form NPs at a constant temperature of 50 °C. When the formed nanoparticle solution meets the cold quenching solution (2 °C, 10% acetone in THF) at the Y mixer 2, both the nanoparticle growth and the soon coming OR and OA processes can be suppressed, and the surfaces of NPs will be rapidly deactivated by acetone through a process of suddenly forming an ultra-thin oxidation layer. When the nanoparticle solution is collected in the chiller-cooled receiver, both the nanoparticle growth and the OR and OA processes continue to be suppressed by the cold environment and the inert surfaces, until the particle synthesis is completed.

In order to see the advantage of the IRCPM process, the routine microfluidic process was also conducted by performing the quenching and collecting process at room temperature and without deactivating the nanoparticle surface. As expected, the formed NPs showed a broader dispersion with SD% greater than 15%. On the other hand, those NPs obtained by the IRCPM process have a SD% of about 8% (Fig. [3](#F3){ref-type="fig"}a, b). The NPs by IRCPM process show irregular but uniform shape (the inserted image in Fig. [3](#F3){ref-type="fig"}a), different from the spherical or ellipsoidal shapes obtained by the routine room temperature collecting process. It appears that the shape of the primary NPs would change to the spherical or ellipsoidal shape from their primary multifaceted shapes by OR and/or OA processes during the routine room temperature collecting process with a collecting time of greater than 5 h. The size of the NPs also increased slightly due to the two enhanced processes at room temperature. In the SAED pattern, the broad, diffuse rings, and the absence of diffraction spots indicate that the NPs obtained by IRCPM process have an amorphous structure (Fig. [3](#F3){ref-type="fig"}b). The amorphous phase for the 4.8 nm Co~5~Sm NPs is likely due to the rapid cooling rate (calculated as 1.5 × 10^5^ K/s based on a hot ball model), which will quickly freeze the crystal structure of NPs at 50 °C and slow down the OR and OA processes \[[@B17],[@B18]\]. The surface of the NPs can be rapidly deactivated through the formation of an ultra-thin oxidation layer caused by including acetone in the quenching solution. EDS data for the resulting NPs indicate the elemental oxygen appearing in those NPs (Fig. [3](#F3){ref-type="fig"}d). Analysis on the EDS spectrum of the CoSm alloy NPs also indicates that the alloy composition has reached the intended stoichiometry (Co/Sm = 5:1). The deactivated surfaces of the NPs together with the cold solution significantly slow the random growth of the NPs by OR and OA processes. A change in the coercivity (Hc) from −300 to 150 Oe in the hysteresis loop at 10 K (Fig. [4](#F4){ref-type="fig"}a) is also observed. This change is due to the exchange bias between the ferromagnetic Co~5~Sm core and the antiferromagnetic oxidized surface \[[@B19]\]. A change in the coercivity is often observed in the ferromagnetic NPs with oxidized surfaces \[[@B19]\]. The zero-field-cooled (ZFC) and field-cooled (FC) magnetization measurements for the NPs give a blocking temperature (Tb) of 40 K (Fig. [4](#F4){ref-type="fig"}b). The low Hc and Tb are most likely due to the unique amorphous crystal structures \[[@B20]\]. This is in contrast to the NPs synthesized by other methods, which show crystalline structure. In addition, our previous observations of Co NPs synthesized without further OR and OA processes also suggest a wasp-waist shaped hysteresis loop \[[@B21]\]. This is different from the crystal structure anisotropy occurring in spherical Co NPs \[[@B21]\]. The shape anisotropy due to the irregular morphologies of the Co~5~Sm NPs (Fig. [3](#F3){ref-type="fig"}) may also contribute to this kind of hysteresis loop (Fig. [4](#F4){ref-type="fig"}).

![The near monodispersion CoSm alloy nanoparticles synthesized by the microfluidic reactors.**a**The Co~5~Sm nanoparticles collected under room temperature show ellipsoidal or spherical shape with broad size distribution of 5.1 ± 0.8 nm.**b**The as-synthesized Co~5~Sm nanoparticles, cold quenched, mostly show nonspherical shape and uniform size of 4.8 ± 0.4 nm.**c**The SAED of CoSm alloy nanoparticles show dispersed rings, suggesting an amorphous phase.**d**The EDS spectrum of the CoSm alloy nanoparticles indicates alloy composition reaching the intended stoichiometry (Co/Sm = 5:1)](1556-276X-4-1130-3){#F3}

![The amorphous CoSm nanoparticles show a wasp-waist hysteresis loop at 10 K with an average coercivity of 225 Oe (right-bottom inserted image) and a Hc of 5 Oe at 300 K (**a**); the FC and ZFC magnetization curve of CoSm nanoparticles suggest a blocking temperature at 40 K (**b**)](1556-276X-4-1130-4){#F4}

In summary, nearly monodispersed amorphous Co~5~Sm alloy NPs were fabricated by an IRCPM process. The resulting NPs retain their primary amorphous crystal structures and nonspherical shapes that are formed at elevated temperature without further Ostwald ripening and oriented attachment processes. The shape anisotropy and exchange coupling between the ferromagnetic core and the antiferromagnetic oxidized surface cause the NPs magnetic hysteresis loop at 10 K to show a wasp-waist character with a significant coercivity bias shift. To conclude, we have developed a method for producing nearly monodispersed magnetic CoSm NPs with desired structure and surface properties by using a rapid quenching technique.
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